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The ER body, a new organelle in Arabidopsis thaliana, requires NAI2

for its formation and accumulates specific B-glucosidases
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lants develop various ER-derived

structures with specific functions.
The ER body found in Arabidopsis thali-
ana is a spindle-shaped structure. ER
bodies accumulate in epidermal cells in
seedlings or are induced by wounding.
The molecular mechanisms underlying
the formation of the ER body remained
obscure. We isolated an ER body-defi-
cient mutant in Arabidopsis seedlings,
which we termed nai2. The NAI2 gene
encodes a member of a unique pro-
tein family. NAI2 localizes to the ER
body and the downregulation of NAI2
elongates ER bodies and reduces their
number. ER bodies specifically accu-
mulate high levels of PYK10/BGLU23,
which is a B-glucosidase that bears an
ER retention signal. Additionally, in
the 74i2 mutant, PYK10 protein is dif-
fuse throughout the ER and the PYK10
protein level is reduced. These observa-
tions indicate that NAI2 is a key factor
for the formation of ER bodies and for
the accumulation of PYK10 in the ER
bodies of Arabidopsis. We also found
that BGLUI8, which encodes another
B-glucosidase with an ER retention sig-
nal, is induced at the site of wounding.
Immunocytochemical analysis revealed
that the BGLUI8 protein is exclusively
localized in ER bodies formed directly at
the wounding site of cotyledons. These
results suggest that BGLU18 is a compo-
nent of the ER body in wounded leaves
of Arabidopsis.
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Proteins that eventually enter the secre-
tory pathway are synthesized on the rough
ER where the ribosomes are attached.
These newly synthesized proteins are then
modified by disulfide bond formation and
attachment of oligosaccharides, which
take place in the ER lumen, before being
transported to their destination via vesicle
trafficking. Most transport vesicles mov-
ing from the ER are coat protein II vesicles
of ~50 nm in diameter. Plants differ from
animals in that they also produce differ-
ent types of ER-derived vesicles involved
in the accumulation of unique types of
proteins."?

We have identified a distinct type of
ER-derived structure as a new organelle
in Arabidopsis, which we have desig-
nated the ER body.? The spindle-shaped,
5-10 wm long ER bodies were ecas-
ily detected in Arabidopsis expressing
ER-targeted GFP (Fig. 1A)." Electron
microscopic analysis revealed that ER
bodies have a fibrous structure and are
surrounded by a single ribosome-bear-
ing membrane (Fig. 1B).* ER bodies are
distributed throughout the epidermis of
cotyledons and hypocotyls in young seed-
lings, and subsequently disappear with
plant growth.” In contrast, the majority of
the root tissues constitutively accumulate
ER bodies.® Interestingly, wounding or
treatment with the wound hormone jas-
monate induces the accumulation of ER
bodies in adult leaves.> This suggests that
the ER body is involved in pest/pathogen
resistance in Arabidopsis.” Structures that
are similar to the ER bodies of Arabidopsis
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Figure I. ER bodies in epidermal cells of Arabidopsis cotyledons. (A) Fluorescent image of trans-
genic plants that expressed ER-targeted GFP. Arrowheads indicate ER bodies. Scale bar = 10 um.

(B) Electron micrograph of ER bodies. Asterisks indicate the ER bodies. m, mitochondrion; g, Golgi
body; v, vacuole. Scale bar = 0.5 um. Reproduced from Hayashi et al.* with permission from Oxford

have also been reported in the cells of
various organs of other Brassicales plants,
which include Arabis alpina, Brassica oler-
acea, Raphanus sativus, Capparis spinosa
and Cleome spinosa.®"°

The ER bodies in Arabidopsis seedlings
accumulate PYK10/BGLU23/At3g09260
protein, which bears the ER retention
signal KDEL.® PYKIO is the major com-
ponent of the ER body.® As the electron
microscopic analysis revealed that there
are high-density materials in the ER body,
it seems likely that PYK10 accumulates as
a condensed (or aggregated) material in
the ER body.

The Arabidopsis 747l mutant (nai
means “nothing” in Japanese) lacks
ER bodies. The NAII/At2¢22770 gene
encodes a basic helix-loop-helix-type
transcription  factor.!  NAIl  regu-
lates the expression of PYKI0, JAL22/
At2¢39310, JAL23/At2¢39330, JAL31/
At3¢16430, JAL33/Ar3¢16450, PBPI/
JAL30/At3¢16420,  GLL23/Atlg54010
and GLL25/Atlg54030."" PBP1 localizes
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to the cytosol, while PYK10 localizes to
the ER body."""* Recently, we found that
PYKI10 forms a large complex with JALs
and GLLs when cells were collapsed by
wounding.!” JALs and GLLs regulate
the size of the PYKI0 complex and may
regulate its substrate specificity. As NAI1
deficiency causes the loss of ER bodies,
NAII may regulate unknown factors that
are responsible for the formation of the ER

body.

NAI2 is an ER Body Component
Necessary for ER Body
Formation and for the
Accumulation of PYK10

We searched for mutants that lack ER
bodies from T-DNA insertion lines. The
nai2-1 mutant, which carries a single
recessive mutation, lacks ER bodies in all
parts of the seedling.' The phenotype of
the 74i2-1 mutant is very similar to that of
the nail mutant. This suggests that NA/I
regulates the expression of the NAI2 gene
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and that the expression of NA/I2 is down-
regulated in nail. We analyzed microarray
expression data of nail-1,* and focused
on the uncharacterized gene Ar3¢15950. A
subsequent genome analysis revealed that
the 7ai2-1 mutant lacks the Az3¢15950
gene. The insertion of a genome frag-
ment containing the Az3¢15950 gene res-
cues the phenotype of the 74i2-1 mutant,
which indicates that the NAI2 gene is
At3¢15950.

The NAI2 protein comprises 772
amino acids and has a signal peptide at its
N-terminus, which suggests that NAI2 is
a secretory protein. The N-terminal half
of NAI2 has a Glu-Phe-Glu (EFE) motif
consisting of ten repeats of a sequence of
~40 amino acids.” The sequence of the
C-terminal region of NAI2 is unique;
we termed it the NAI2 domain. Two
proteins in Arabidopsis are structurally
related to NAI2, ie., TSA1/At1g52410
and At3g15960.” No NAI2 homologous
genes could be found in animals, fungi or
unicellular organisms; however, we identi-
fied NAI2 homologous genes in B. rapa,
B. oleracea and B. napus. These findings
suggest that NAI2 homologous genes are
unique to Brassicales plants.

To determine the subcellular local-
ization of the NAI2 protein, we raised
antibodies against a NAI2 polypeptide
and performed an immunofluorescence
analysis with Arabidopsis cotyledons.
The immunofluorescence signal of NAI2
was detected in the ER body, but not in
the ER network. These data demonstrate
that NAI2 is an ER body component that
accumulates specifically in the ER body.
We examined the effect of NAI2 RNAI
(NAI2-RNAi Arabidopsis lines) on ER
body density and shape. ER bodies in
NAI2-RNAI lines were fewer in number
and were longer than wild-type ER bod-
ies. These results indicate that NAI2 regu-
lates the number and shape of ER bodies
in Arabidopsis.

The NAII gene regulates the formation
of the ER body and the expression of the
PYKI10 gene, which encodes a major com-
ponent of ER bodies."! The 7ail-1 mutant
had lower NAI2 mRNA levels when com-
pared with wild-type plants, which sug-
gests that NAII regulates the expression of
the NAI2 gene. In contrast, wild-type and
nai2 mutant plants did not differ in the
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levels of expression of PYK10 and
NAII mRNA, which indicates
that NAI2 gene deficiency does
not affect the expression of PYK10
and NAII. We examined the lev-
els of PYK10 in the 7472 mutant
using immunoblot analysis. High
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indicate that NAI2 deficiency in
Arabidopsis specifically reduces
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which is a major ER body protein.

Figure 2. Model of ER body formation. (A) NAII regulates the expression of NAI2 and PYKI0 in constitutive
ER bodies of seedling epidermal cells. NAI2 is responsible for the formation of ER bodies and for the accumula-
tion of PYK0. (B) Wound-induced ER bodies accumulate BGLU8, but not PYK 0. A database analysis revealed
that TSA/, which is a homolog of NAI2, is coexpressed with BGLU8.This suggests that TSAI is involved in the
formation of wound-induced ER bodies. The transcription factor involved in wound-induced ER bodies remains
unknown.

We examined the localization of
GFP-PYKI10 fusion protein in the
nai2 mutants. In wild-type Arabidopsis
plants, GFP-PYK10 accumulated mainly
in ER bodies. Surprisingly, GFP-PYK10
was uniformly distributed throughout the
ER network in the #4i2 mutant. These
results suggest that NAI2 deficiency trig-
gers the diffusion of PYK10 throughout
the ER network. Thus, NAI2 is respon-
sible for the accumulation of PYK10 in ER
bodies.

Wounding Induces ER Bodies that
Accumulate BGLU18

Wounding increases the number of ER
bodies in cotyledons, which suggests
that wounding induces the accumula-
tion of other ER body components.'
The BGLU family of Arabidopsis com-
prises 47 members.” Among these, eight
highly homologous proteins (BGLU18/
Atlg52400, PYK10, BGLU19/At3g21370,
BGLU20/Atlg75940, BGLU21/At1g66270,
BGLU22/Atlg66280, BGLU24/At528510
and BGLU25/At3g03640) form a subfam-
ily of proteins that carry both a signal
peptide and a hypothetical ER retention
signal. We analyzed the expression of these
eight BGLU genes in wounded cotyledons
and found that BGLUIS is upregulated by
~five-fold in wounded cotyledons when
compared with intact cotyledons, whereas
the expression levels of PYKI0O remains
constant.'® The BGLUI8 protein accu-
mulates in wounded cotyledons, whereas
only a small amount of BGLU18 protein is
detected in intact cotyledons. In contrast,
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constant and similar levels of PYK10 pro-
tein are present in wounded and intact
cotyledons.'

The Arabidopsis 7ail mutant lacks ER
bodies. However, ER bodies were induced
in wounded cotyledons of the nail
mutant, although the ER bodies of the
nail mutant were tubular and not spindle
shaped. ER bodies were mainly observed
in cells surrounding the wounded site.
In the nail mutant, the expression of
BGLUI8 was increased in wounded coty-
ledons, while PYKI0 was not expressed.
The BGLUI8 protein also accumulated
in wounded cotyledons of 7ail mutant
plants. Immunogold electron microscopic
analysis revealed that the BGLU18 protein
accumulated in ER bodies in wounded
cotyledons of the 7ail mutant. These
results suggest that BGLU18 is a main
component of wound-induced ER bodies.

Conclusions and Perspectives

We identified NAI2 as an ER body pro-
tein that is responsible for the induction
of ER bodies. In addition, we found
that BGLU18 is a component of wound-
induced ER bodies. These findings pro-
vide details on the formation of the ER
body in Arabidopsis (Fig. 2). NAI1 regu-
lates the expression of NAI2 and PYK10
and is responsible for ER body formation
in seedling epidermis (Fig. 2A). As NAI2
deficiency reduced the accumulation of
PYK10 and led to the diffusion of PYK10
throughout the ER network, NAI2 seems
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to be responsible for the accumulation
and assembling of PYKIO0 in the ER
body. In contrast, wound-induced ER
bodies accumulate BGLU18, but not
PYKI10 (Fig. 2B). Therefore, it seems
that Arabidopsis plants express at least
two different components in two types
of ER bodies. We searched the online
database (ATTED-II; http://atted.jp/)'®
for genes that have an expression pat-
tern that is similar to that of the BGLUIS8
gene and found the 7SAI gene, a NAI2
homologue. This suggests that TSAI
is involved in the formation of wound-
induced ER bodies (Fig. 2B). The tran-
scription factor that is responsible for the
induction of wound-induced ER bodies
remains unknown. It is noteworthy that
wound-induced ER bodies were present
in the nail mutant, but their shape was
distorted.'*" This suggests that NAII
is partly involved in the formation of
wound-induced ER bodies.

The production of ER bodiesisinduced
by wounding and by the wounding hor-
mone jasmonate, which suggests that ER
bodies may participate in pest/pathogen
resistance.”>” Recently, Sherameti et al.
reported that the 7471 and pyk10 mutants
are hyperinfected by the root entophytic
fungus Piriformospora indica and show
reduced growth.” This suggests that the
ER body may play a role in plant resis-
tance against fungal infection. To elu-
cidate the functions of the ER body, it
is necessary to identify the substrates of
PYK10 and of BGLU18.
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As NAI2 homologous genes
restricted in Brassicales, their ultimate

are

function may be the promotion of pest/
pathogen resistance in these plants.
Further attempts to identify NA/2 homol-
ogous genes in other Brassicales plants
and neighboring orders may reveal how
and why Brassicales plants developed
NAI2 homologous genes together with
ER bodies. This, in turn, may provide
new insights into the specific evolutionary
genetic pathways that result in the appear-
ance of new cellular structures.
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